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“#.1,0W TEMPERATURE PROCESS FOR
FORMING INTER-METAL GAP-FILLING
INSULATING LAYERS IN SILICON WAFER
INTEGRATED CIRCUITRY

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relales to a structure and process for
fabricating an inter metal dielectric layer for imtegrated
circuits intercomnecting active and passive elements. More
particularly, this invention relates 10 a structure and process
for an inter metal dielectric layer formed using electron
cyclotron resonance techniques employing high density
plasma (HDP) and chemical vapor deposition (CVD) pro-
cesses. A unique HDP-CVD two step deposition process is
described that allows cooling between the steps thereby
providing metal circuitry possessing no warping or distor-
tion.

2. Description of the Prior Art

Integrated circuitry (1C) found in semiconductor chips are
used in a variely of applications such as computers,
televisions, and cars to name just 2 few, IC can combine
millions of transistors onto a single crystal silicon chip to
perform complex data and store data. There has been a
strong desire and significant advancement in shrinking the
dimensions of IC thereby providing a greater number of
functions in an ever smaller volume. An excellent example
is the hand held calculator which initially could only per-
form simple matbematical functions but now can perform
the most sophisticated mathematical modeling or statistical
analysis at a fraction of the cost of the older models. Cost
and size reduction are major factors driving this technology
and no end seems in sight. Historically, such process
improvements have resulted in roughly a 13% annual
decrease in the minimum feature widths achievable for
transistors mid interconnections.

With mipiaturization comes an increased complexity of
interconnect wiring used 1o transport data across a chip,
Complex wiring patterns that can include multiple layers can
be found in IC. The problem of electronic isolation of the
individual circuits becomes significant since designs must
deal with intralayer as well as interlayer effects. Electronic
isolation has been accomplished by providipg insulating or
dielectric material between the circuit neighbors. Obyiously
as the dimensions shrink there is greater challenge to main-
tain electronic isolation.

In the conventional formation of conductive lines in an
integrated circuit, a metal layer is deposited and patterned by
conventional lithography and etching techniques to form
metal lines/patterns, thus creating an uneven surface on the
semiconductor material. In addition 1o finding suitable
dielectric materials that will provide adequate electronic
isolation, miniaturization has also created the problem of
providing techniques that will adequately apply the
dielectric, insulating material. The problem faced in this
regard is that although the distances between circuitry lines
is decreasing, the height of the circuitry lines formed by
photolithographic meaps is not decreasing. This creates a
situation where the dieleciric material must be applied
between tall, closely spaced features. Features with this
topography are said to have high aspect ratios (height/width)
and understandably it becomes very difficult to fill between
those features.

It is often desirable for the insulating layer to be so formed
that the upper surface of the insulating layer is planar over
an extended region, immespective of whether individual por-
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tions of the upper surface overlie metal lines or contacts or
the spaces between such lines/contacts. The formation of
such an insulating layer having a planar upper surface is
referred to as planarization. Those skilled in the art know
this insulating layer by many terms, such as, dielectric layer,
gap filling layer, and passivation layer. All these terms are
used interchangeably in this document and therefore should
be construed to bave the same meaning. It is especially
important to have a planarized surface when additional
circuilry is o be stacked in a2 multilayer design.

Although various processes have been available for form-
ing insulating (gap filling) Jayers, chemical vapor deposition
(CVD) was preferred since it seemed 10 meet the stringent
requirements of filling high aspect channels between indi-
vidual circuit lines. However, the temperatures that were
required to perform this technique can be very high and lead
lo warping, distortion or other defects to metal line circnitry.
In order to provide for etching or sputtering the technique of
plasma generation was used to enhance CVD. Plasma depo-
sition processes are of interest in this regard, because they
may be able to form insulating layers of silicon dioxide or
silicon nitride at relatively lower temperatures. In particular,
high density plasma (HDP) processes, such as clectron
cyclotron resonance (ECR) processes and induced conpling
plasma (ICP) processes have been found to produce high-
quality silicon dioxide and silicon nitride layers. High den-
sity plasma (HDP) when combined with CVD provides for
an HDP-CVD process such as plasma enhanced chemical
vapor deposition (PECVD) that allows both simultaneous
deposition and sputtering and is performed in an electron
cyclotron resonance (ECR) apparatus. With this tool it-is
possible to vary the ratio of deposilion to sputter etching.
And although this technique can indeed be used at 2 lower
temperature than conventional CVD it still causes nnaccept-
ably high temperatures at the carly stages of gap filling when
low deposition/sputter ratios (typically less than 4) are
necessary to fill the high aspect ratio channels. This is
especially noted for metallic lines composed of aluminum
and its alloys such as aluminum copper. Temperatures as
high as 400° C. have been observed and at these tempera-
tures significant distortion of the metal features and circuitry
can be observed. Aluminum contacts are intolerant of pro-
cessing temperatures greater than about 350400 C because
at such temperatures “hillocks” tend to form in aluminum or
aluminum alloy features.

The conventional HDP CVD process described herein-
above has a major drawback in that the high density plasma
(HDP) deposition of the ECR oxide insulating layer often
damages the underlying circuit elements, especially metal
lives. High density plasma (HDP) sources employ magnetic
fields and microwave power o create chemically active
plasmas, preferably at very low gas pressures, It is difficult
to control the energy transferred to the reactant ions in the
plasma deposition. The high density plasma (HDP) chemical
vapor deposition (CVD) process (e.g., ECR) is an in situ
sputtering and deposition process using an argon flow, high
microwave power and RF power. The deposition and sput-
tering steps are performed sequentially and are repeated
until the proper coverage is obtained. When the metal lines
on the wafers are subjecled to in situ sputtering this creates
a damaging “antenna effect”. The higher microwave power
generates higher ion energy which increases the damage to
the metal lines. The high power during the ECR oxidation
process creates transconductance (i.c., gin) degradation due
to the Fowler-Nordbeim (F-N) tunneling stress. The defect
that is readily observable is can be described as a hillock that
protrudes above the surface of insulative layer and creating
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concurrently a void in the wall between the opposite side of
the metal line and its adjacent insulative layer.

Therefore, there is still a need to create a structure and
process whereby the damage to semiconductor devices, e.g.,
metal lines, from high density plasma (e.g- HDP and ECR)
deposition of insulating layer is significantly reduced or
eliminated.

Jain in US. Pat. No. 5,494,854, describes a gap-fill
dielectric layer useful conductor lnes that have low and high
aspect channels scparating the lines. In this invention HDP
is used to assist in forming a dielectric Iayer that js specifi-
cally planarized in areas that cover high aspect conductor
lines but necessarily between low aspect conductor lines.
. Furthermore, Jain does not teach the benefit of a pause time
during the HDP process.

Wang et al. in U.S. Pat. No. 5,679,606, describe a process
for forming a planar dielectric layer over metal lines using
an jp situ multi-step ECR deposition process. The invention
describes forming a series of coatings that are alternating
“gap filling” and “protective” dielectric which coat the metal
Lines and the substrate. The initial “protective” coaling is
formed using the ECR process and employs no argon flow
during this step. The “gap filling” coating is now prepared
also using the ECR process but now in this case with an
argon gas flow. The “gap filling” process simultaneously
etches and deposits. However, il eiches mainly on the
topmost surface of the metal lines, in doing so, it reduces the
aspect ratio of the channels thereby ultimately facilitating in
planarization. Although a mulli-step process is described by
Wang ct al., no mention is made of having a pause time
between the steps, nor is any concern expressed about
cooling the wafer during such a time period. )

Wang in U.S. Pat. No. 5,728,631, describes 2 method of
forming a Jow capacitance dielectric layer with the use of
ECR. The layer is composed of silicon dioxide but is not
uniform, since it is the expressed object of the invention lo
have closed voids of air between the metallic circuitry lines.
Although Wang notes that changes to the etch-to-deposition
rate must be altered during the process in order to obtain
closed voids, no mention is made of having a pause time
allowing cooling to occur as required by the present inven-
tion.

Avanzino et al. in U.S. Pat. No. 5,776,834 disclose a
method of forming a planarized dielectric layer covering
metal layers, said dielectric layer contains voids within the
high aspect ratio channels (e.g. close metal line neighbors).
The process comprises first coating a nonconformal source
with a poor step function in order to generate the void. Then
the nonconformal material is etched either simultaneously or
sequentially along with deposition to fill the remaining gaps
with void free insulating material. However, Avanzino et al.
do not disclose a pause time between the two stages of the
process and further make no mention of a cooling process
during this time period.

Yao et al. in U.S. Pat. No. 5,814,564, teach a planarization
method for a spin-on-glass layer over a dielectric layer that
is applied by use of the HDP-CVD process. The planariza-
tion method involves a six step etchback process of the SOG
layer to provide a plapar upper surface. No mention is made
of a pause time during the formation of the dielectric layer
nor to apy concern to provide cooling during the deposition/
etching process.

Matsuo et al, U.S. Pal. No. 4,962,620, Goto, U.S. Pat. No.
4,778,620, and Maydan, U.S. Pat. No. 4,962,063 show
methods and equipment for ECR deposition of dielectric
layers. The arlicle “lmproved Sub-micron Inter-metal
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Dielectric Gap-filling Using TEOS/OZONE APCVD” by E.
J. Korczyski et al, published in the Microelectronics, Janu-
ary 1992 pp. 22-27 provides a comparison of ECR and
TEOQS/03 planarization methods.

Although considerable progress has been made in finding
methods to reduce the metal line spacing on semiconductor
wafers such as silicon single crystals, a problem still exists
that manufacturing processes for the formation of the insu-
lating layer can cause failures due 10 excessive heating of the
metal lines. The most common failure is metal line distortion
that manifests itself as reliability problems. This specific
distortion problem is observed with the formation of
unwanted “billocks” that bulge out from ihe top of the metal
linc and are exposed on the swrface of the insulator
(dielectric) layer. This defect is especially noted in CVD
processes bt still problematic in one-step HDP-CVD pro-
cesses where temperatures can still rise above 400° C.
during the deposition process.

SUMMARY OF THE INVENTION

Itis an object of the present invention to provide a method
of forming a void-free inter metal dielectric/insulative layer.

It is another object of the present invention to provide a
method of forming an inter-metal dielectric layer that will
reduce the damage (specifically metal distortion) to conduc-
tive lines caused by HDP-CVD of silicon oxide insulating
layers.

Tt is still another object of the present invention to utilize

an in situ simultaneous deposition and sputtering (etching) -

HDP-CVD process lo generate insulation layers for metal
lines on semiconductor wafers.

It is yet another object of the present invention to provide
a good oxide film protection to the metal lines without any
metal line exposure to PECVD nitride film by using lower
HDP CVD (emperature.

It is yet another object of the invention to provide a gap
filling, insulation layer that can readily be planarized to
allow additional integrated circuilry be formed in layers
thereon.

It is another object of the present invention to provide
wafer boards for use as 0.35 micron logic boards and 0.25
micron DRAM.

Still another object of the present invention is 1o improve
the throughput of the HDP CVD process for insulating
metallurgical lines and thereby provide a low cost process.

In accordance with the above objectives, this invention
provides an in situ low temperature two step process for
forming an inter-metal diclectric layer of an integrated
circuit structure reducing damage caused by excessive heat
generaled during electron cyclotron resonance deposition of
insulating layers.

The inventive process relates to manufacturing josulating
inter-layers between closely spaced metallurgy lines on a
semiconductor substrate, such as silicon, having line spacing
on the order of 0.25 micron or less. During the course of
designing these articles it was observed that a defect known
as a “hillock” would occasionally form. This was unex-
pected because the prior art had taught that manufacturing
these insulating layers using techniques like HDP-CVD
should be capable of manufacturing the insulative layer at
low temperatures thereby avoiding high temperatures that
could cause metal line distortion. However, for closely
spaced lines, on the order of 0.25 micron or less, the process
requires low deposition/eiching ratio to fill the narrow
channels and essentially simultaneous etching and deposi-
tion. This regime causes high temperatures lo be generated.
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It was determined that neither titanium nitride protective
(seed) nor passivation (insulative) layer thickness would
alleviate the defect. Furthermore, RF power did not seem to
be an important factor in defect production. It was unex-
pectedly discovered that by increasing inert gas backside
pressure and having a cooling period during the deposition
process essentially eliminated the defect from forming,

Therefore, the inventive process comprises insulating
these lincs by a two step HDP-CVD process wherein each
step simultancously deposits and etches a dielectric material
such as silicon dioxide. The first step is performed with a
low deposition-to-sputtering ratio (D/S) of 2 to 4 and
Helium backpressure of 8 inner and 10 outer Torr. Subse-
quently there is a period of time where no deposition or
etching is allowed and the wafer is subjected to cooling by
applying a siream of inert gas to the backside of the wafer.
After this treatment the deposition/sputtering is resumed
with 2 D/S of 4 to 6 and a Helium backpressure of 6 inner
and 10 outer Torr. In this manner the temperature of the
metallurgy lines is maintained below a point that would
cause distortion of the lines, specifically no “hillocks”™ are
formed.

- BRIEF DESCRIPTION OF THE DRAWINGS

The drawings show the following: :

FIG. 1 is a schematic cross sectional view of the manu-
factured semiconductor wafer as disclosed in the present
invention.

FIG. 2 is a flow chart describing the critical manufactur-
ing steps lo produce the wafer schematically shown in FIG.
1. .

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

In the present invention, the dielectric layer, also referred
to as an insulative, gap filling or passivation layer, is
preferably formed of undoped silicon dioxide glass (USG).
Insulating layers composed of this type of material can be
applied to semiconductor wafer surfaces using electron
cyclotron resonance (ECR) plasma deposition as described
in U.S. Pat. No. 4,962,063, Maydan et al. and is hereby
incorporated by reference.

In one preferred embodiment the process begins with
deposition of a uniform seed layer (20) of titanium nitride
(TiN) on the lateral surfaces of the silicon substrate (10).
This layer is approximately 100 to 1000 A in thickness. The
preferred thickaess of the titanium nitride layer is in the
range between about 300 to 800 A and more preferably about
500 A. This step is optional and other embodiments of the
present invention do not require this treatment.

Closely spaced metallurgy lines (30) are formed on a
semiconductor substrate (e.g., single crystal silicon) or the
optional TiN layer, typically by photolithographic means. In
this manner line width and line spacing of <0.25 micron are
achievable and further used in the present invention. The
height of the lines can be between 0.3 microns and 1.2
microps. The preferred thickness of the metal lines is about
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0.8 micron, therefore the aspect ratio of these metallurgy -

lines will typically be >2. The metallurgy lines can be
composed of any metallic substance that can transmit elec-
trical current, examples include aluminum and its alloys,
copper and its alloys, and nickel and its alloys. Preferred
metallurgy include aluminum and its alloys. The most
preferred metal composition is aluminum:copper (95:5).
Optionally, a top coat seed layer (40) of titanium nitride
(TiN) is deposited on the uppermost surface of the metal
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6 :
substance prior 10 circuitization. This layer is approximately
100 to 500 A in thickness and is known in the industry as an
“antireflective coating” (ARC). The purpose of the ARC is
to reduce the reflective light from the stepper during the
photolithographic process. Furthermore, the ARC can also
reduce the electromigration of metal lines.

The preferred thickness of the titanium nitride layer (40)
is in the range between about 150 to 400 A and more
preferably about 250 A.

Subsequently, the seed layer (20) and the ARC TiN (40)
covered metallurgy lines (30) are encapsulated with
stoichiometric, high quality silicon dioxide passivation lay-
ers (50 and 60). The passivation layers are formed by an
HDP-CVD technique utilizing two separate in situ, simul-
taneous deposition and sputtering steps separated by a
cooldown period. The specific conditions for the deposition
and sputtering steps provide void-free gap-filling between
the metal structures. The first deposition/sputtering step is
characterized by a low D/S ratio of about 3.2 while the
second D/S ratio is characterized by a bigh vahe of about 6.
The D/S ratio is defined as:

DyS={(net deposition rate)+(blanket sputtering rate)}/(blanket
spultering rate).

Ahelium backpressure of 6-8 Torr (inner) and 10-12 Torr
(outer) is used during this process and the RF power bias is
about 3000 to about 4000 W. Preferred wattage is 3500 W.
The first deposition step takes approximately 70-90 sec-
onds.

The passivation layers or insulation layers (50 and 60) can
be composed of a dieleciric material such as a Group IV
material oxide, nitride or combination thereof. Specificaily,
silicon is the preferred Group IV material. These materials
can also be doped with low levels of boron materials 10
create a positive doped insulation or phosphorous materials
to generate a negative doped insulation. The oxide or nitride
insulation are formed in situ and it is desirable that they do
not form solid masses until they precipitate on the surface of
the metal lines or newly deposited passivation layer. In this
manner smooth coatings are generated. As mentioned supra,
this process is known as deposition and is performed using
an ECR apparatus with specific requirements for argon flow
and RF power.

Occurring simultaneously with deposition is etching or
sputtering of the newly deposited passivation layer. The etch
rate is a function of surface angle as well as the argon flow
and RF power.

The first passivation layer (50) is formed over the optional
protective layer (40). The HDP-CVD process is set to so that
the passivation layer fills in between the lines, but does not
etch through the protective layer (40). The passivation layer
(50) does not expose the metallurgy lines. The HDP-CVD
paramelers are set such that the passivation layer (50) can filt
between closely spaced metallurgy lines without forming
voids.

In this manner of deposition/sputtering the ratio is
selected between a value of about 2 to about 4 and the
passivation layer (50) is formed in the range between about
5000 to 10,000 A., more preferably about 7500 A, and most
preferably 5000 A. During this time the wafer and the metal
lines are being undesirably heated as a by product of the
deposition/sputtering process. The heating raises the tem-
perature of the wafer and the metal lines essentially mono-
tonically with time so that the thicker the layer deposiled the
higher the temperature of the metal lines (30). Above a
critical temperature the metal lines will become distorted as
the metal lines (30) essentially flow through the protective
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layer (40) and cover a portion of the newly formed passi-
vation layer (50). Therefore, the maximal thickness of the
passivation layer (50) in this step is dictated by the tem-
perature of the metal lines (30). As mentioned supra, typi-
cally the thickness of the passivation layer (50) at this point
in the process will be approximately 5000 to 6000 A.

The overall process flow for the invention is depicted in
FIG. 2 as a flow diagram.

A key inventive feature of the process in the present
invention is the cooldown period between the first
deposition/sputtering step described above and a second
deposition/sputtering step described hereinbelow. The
cooldown process employs argon or helium gas applied to
the wafer backside for a period of about 10 seconds. By
performing the process in this manner the temperature of the
metal lines never exceeds about 350 C, well below the
melting point of the metal lines. The protective layer so
formed does not attack the metallurgy lines and shields the
metallurgy lines from attack from the subsequent ECR
depositions of “gap filling layers”.

An alternative embodiment of the present invention
replaces the cooldown period with a “vacuum break”, how-
ever this step requircs approximately 120 scconds and
therefore is longer and less desirable than the cooldown
period of approximately 10 seconds.

The cooling period is required in order to continue the
process of increasing the thickness of the passivation layer
while still maintaining temperatures of the metal lines that
will not cause distortion defects. 1t is highly desirable to cool
the wafer and the metal lines using an in situ process so that
the wafer need not be disturbed. This is provided by apply-
ing an inert gas under high flow 1o impinge the backside of
the wafer. Inert gas such as argon or helium are typically
utilized for this purpose but it is within the scope of the
invention that other gases such as could be used. The cooling
process is selecled to cool the wafer to such a point the
remaining deposition/sputtering process will not cause dam-
age to the metal lines. Typically this yields cooling times on
the order of about ten seconds. Longer times are allowable
but no obvious benefit is derived.

An alternative embodiment of the present invention
replaces the cooldown period with a “vacuum break”, how-
ever this step requires approximately 120 seconds and
tberefore is longer and less desirable than the cooldown
period of approximately 10 seconds.

Following the cool down phase, the process of deposition/
spullering is resumed. Since the first deposition of the
passivation layer was not conformal due to the low
deposition/sputter value, the covered metal Lines now have
an aspect ratio of approximately 1. For the second phase of
deposition the deposition/sputtering ratio can now be
increased from about 5 to about 7. Under these conditions it
is possible to fill in the channels between the lines and
further deposit material o the upper surface so that an
additional 3000 to about 7000 A is deposited on the wafer.
The preferred thickness for the second deposition is 5000 A.
The total thickness of the two combined passivation layers
covering the wafer is approximately 8000 to about 13000 A
whether or not there is a metal line beneath the surface,
therefore at this point in the process the passivation layer is
essentially planar. The preferred thickness for the two com-
bined stages is 10,000 A.

The process is performed using helium backside pressure
of 8 Torr (inner) and 10 Torr (outer) and a bias RF wattage
of between 2500 to about 3500 W. Preferred wattage is
approximately 2800 W. This phase of the process lakes
approximately 40 to 50 seconds. It is within the scope of this
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invention that the dielectric material deposited be the same
or different than that used in the first deposition process,
optional materials are described supra in the section dis-
cussing the first deposition process. :

Optionally a capping layer can be applied to the top
surface of the passivation layer should that be desired.
Following the optional capping layer additional metallurgy
lines can be formed on the uppermost surface.

WORKING EXAMPLES

Example 1
Process for Forming the First lnsulative Layer (50); Step
500 in the Flow Diagram.

The first dielectric layer (50) prior to the cooling period is
formed of silicon dioxide and is formed using electron
cyclotron resonance (ECR) plasma deposition as described
in U.S. Pat. No. 4,962,063, Maydan et al. Oxygen should be
fed into the plasma formation chamber at a rate of from
about 80 standard cubic centimeters per minute (sccm) to
about 150 sccm; and silane into the deposition chamber, at
a rate of from about 30 sccm to about 80 scem; and argon
at a rate between about 80 to 140 sccm and more preferably
about 110 sccm; while maintaining the temperature in the
deposition chamber at from about 25° C. to about 400° C.;
and a pressure ranging from about 2 to abont 15 Millitorr. A
plasma power level of from about 1000 to about 2000 Wats
should be used. ‘

Example 2

Good quality HDP may be deposited, for example, in an
Applied Materials deposition chamber using the following
procedure: 2 wafer (containing the substrate) is mounted in
the chamber such that backside helium cooling may be used
to control temperature; the chamber is then evacuated to 240
Millitorr, and a mixture of 120 sccm oxygen and 110 scem
argon are supplied to the chamber; 1300 W of source RF
power are used to create a plasma (which also heats the
wafer), and the temperature of the wafer is maintained at 310
to 320 C. by backside cooling; after 10 to 15 scconds of
operation, 150 sccm silane is also introduced into the
chamber, causing a silane oxide to deposit on the wafer; after
10 10 15 seconds of operation, 2800 W of bias power is
applied to initiate dc-bias spuftering; at this point, net
deposition rate drops to 1500 to about 2500 A /sec, with
roughly a 4:1 deposition to sputter ratio. At this rate, an
excellent quality oxide may be deposited.

It should be noted that the invention as described here-
inabove depicts a metatlurgical circuitry of lines (30) that are
affixed to the silicon substrate (10), bowever, the invention
is not limited to this design, in fact, this invention can be
cmployed for metallurgical circuitry on any layer within a
multi-layered integrated circuit design. Furthermore, the
invention can be practiced on multiple layers within a
multilayered integrated circuit design.

The in silu two-slep deposition process (Steps 500, 600,
700 of FIG. 2) of the invention forms dielectric oxide layers
between closely spaced lines without damaging the metal-
lurgy lines. The process is inexpensive, simple 10 implement
and increases device yields.

While the invention has been particularly shown and
described with reference to the preferred embodiments
thereof, it will be understood by those skilled in the art that
various changes in form and details may be made without
departing from the spirit and the scope of the invention.

What we claim is:

1. A process for forming an inter metal protective layer
between closely spaced metallurgy lines on a semiconductor
surface comprising the steps of:
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a) providing a semiconductor substrate with closely
spaced metallurgy lines thereon;

b) encapsulating said substrate and said metallurgy lines
with a first passivation layer; said first passivation layer
formed by an HDP-CVD technigue using high density
plasma chemical vapor deposition;

c) stopping said encapsulating process;

d) impinging inert gas to backside of said substrate for the
purpose of cooling said passivation layer and said
metallurgy lines; and

€) resuming said encapsulation process on said first pro-
tective layer from step (b) to generate a second passi-
vation layer.

2. The process as recited in claim 1 wherein said step (b)
HDP-CVD technique is performed with a deposition to
sputter ratio of about 2 to about 4.

3. The process as recited in claim 1 wherein said step (d)
HDP-CVD technique is performed with a deposition to
sputier ratio of about 5 to about 7.

4. The process as recited in claim 1 wherein said step (c)
stopping and said step (d) iropinging inert gas is performed
to sufficiently cool said first and second passivation layers
and said metallurgy lines so that no warping or distortion of
the metallurgy lines occurs during said step (€).

5. The process as recited in claim 4 wherein said steps (c)
and (d) are performed simultaneously.

6. The process as recited in claim 1 wherein said stopping
is for a minimum of about 10 seconds. '

7. The process as recited in claim 1 wherein said metal-
Iurgy lines in said steps (a) through {(€) are not heated above
about 350° C.

8. The process as recited in claim 1 wherein said inert gas
is selected from the group consisting of argon and helfum.

9. The process as recited in claim 1 wherein the distance
between said closely spaced metallurgy lines is less than 0.4
microns.

10. The process as recited in claim 1 wherein said
metallurgy lines has an initial aspect ratio of at least 2.

10

11. The process as recited in claim 1 wherein at the end
of said siep (b) encapsulated metallurgy lines has an aspect

. ratio of about 1.
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12. The process as recited in claim 1 wherein said
metallurgy lines comprise aluminum and its alloys.

13. The process as recited in claim 11 wherein said
aluminum alloy comprises copper/atuminum.

14. The process as recited in claim 1 wherein said first and
second passivation layer jndependently comprises Group IV
oxides or nitrides and mixtures thereof.

15. The process as recited in claim 12 wherein said Group
IV oxides comprise silicon oxide.

16. The process as recited in claim 12 wherein said Group
1V nitrdes comprise silicon mitride.

17. The process as recited-in claim 1 wherein:

said step (b) encapsulation process is performed using

Bias RF 2800 W and a backside inert gas pressure of
about 6 Torr in order to generate said first protective
layer thickness of about 5000 Angstrom, and said step
(d) encapsulation process is performed using Bias RF
2800 W and a backside inert gas pressure of about 10
Torr in order to generate said second protective layer
thickness of about 5000 Angstrom.

18. The process as recited in claim 1 wherein:

said step (b) encapsulating process is performed using

Bias RF 2800 W and a backside inert gas pressure of
about 8 Torr in order fo generate said first passivation
layer thickness of about 5000 Angstrom, and

said step (d) encapsulation process is performed vsing

Bias RF 3500 W and a backside incrt gas pressure of
about 10 Torr in order fo generate said second passi-
vation layer thickness of about 5000 Angstrom.

19. The process as recited in claim 1 further comprising
the step of: f) applying, prior to said step (a), a TiN
antireflective coating layer to an outer surface of said
metallurgic lines for the purpose of protecting said metal-
Turgic lines from sputtering, said TiN layer having a thick-
ness of 250 Angstrom.

* & x x &




~ Exhibit E




SRR ARV A
US0061747978B1

a2 United States Patent

Bao et al.

US 6,174,797 B1
Jan. 16, 2001

(10) Patent No.:
(45) Date of Patent:

(54

- (75)

73

)

(1)
()

(D
(52)
(58)

(56)

SILICON OXIDE DIELECTRIC MATERIAL
WITH EXCESS SILICON AS DIFFUSION
BARRIER LAYER

Inventors:
Assignee:
Notice:

Appl. No.:

Filed:
Int. C17

Tien-I Bao; Syun-Ming Jang, both of
Hsin-Chu (TW)

Taiwan Semiconductor
Manufacturing Company, Hsin-Chu

Tw)

Under 35 U.S.C. 154b), the term of this
patent shall be extended for 0 days.

09/435,678
Nov. 8, 1999

HO1L 21/4763

US. Ch . - 438/624; 438/643; 438/653

Field of Search

438/624, 706,
438/656, 789, 627, 643, 653; 205/666,
667; 216/2, 67, 74, 76, 79

References Cited

U.S. PATENT DOCUMENTS

5,567,304 * 10/1996 Datta et al. ...cocoveecceeeeee .. 205/666
6,004,883 - * 12/1999 Yo etal. ...rercrvereacaanne 438/706

6,019,906 * 2/2000 Jang et al. .....
6,022,802 * 2/2000 Jang .......

6,043,167 * 3/2000 Lee et al. .
6,100,202 * $/2000 Lin et al. wooomrreororooreero, 438734

* cited by examiner

Primary Examiner—David Nelms

Assistant Examiner—Phuc T. Dang

(74) Attorney, Agent, or Firm—George O. Saile; Stephen B.
Ackerman

&)

A method for forming vpon a substrate employed within a
microelectronics fabrication a first dielectric layer, an inter-
mediate diffusion barrier dielectric layer and a conductor
layer which comprise an inter-level metal dielectric (IMD)
layer with attenuated diffusion between the dielectric layers
and conductor layer. There is first provided a subslrate
employed within a microelectronics fabrication. There is
then formed upon the substrate a pattemed microelectronics -
layer. There is then formed over the substrate a first dielec-
tric layer. There is then formed over the substrate a diffusion
barrier dielectric layer. There is then formed over the sub-
strate a conductor layer to complete ap inter-level metal
dielectric (IMD) layer with attenuated inter-diffusion
between the dielectric layers and conductor layer.
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SILICON OXIDE DIELECTRIC MATERIAL
WITH EXCESS SILICON AS DIFFUSION
BARRIER LAYER

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates generally to the field of
microelectronics fabrications, and more particularly to the
field of dielectric layers employed within microelectronics
fabrications.

2. Description of the Related Art

In order to fabricate microelectronics devices it is neces-
sary to employ layers of dielectric material to electrically
insulate patterned conductor material layers which serve to
interconnect the devices in the microelectronics fabrication.

- As microelectronics devices have become more complex
and densely populated, the requirements on the conductor
and dielectric layers have become more stringent. The need
to minimize power requirements and resistive losses has led
to the employment of materials with higher electrical con-
ductivity such as copper, for example. These conductor
layers are often fabricated in complex and sophisticated
configurations such as inlaid or damascene designs in order
to maintain surface planarity in multi-layer structures. The
conductor layer may act as a diffusion barrier towards
substances emanating from other layers or, conversely, the
conductor layer may require a barrier Iayer to protect it from
deleterious subslances or to protect other layers from itself.

Dielectric materials which are useful for formation of
dielectric layers employed within microelectronics fabrica-
tions often are desired to bave low dielectric constants to
increase circuil performance. Such low dielectric constant
materials as organic polymer dielectric materials or fluorine-
doped silicon containing glass dielectric materials are com-
monly employed. Likewise, the increased circnit density and
complexity bas also led to multiple conductor layers and
dielectric layers being fabricated into inter-level metal
dielectric (IMD) layers to be able to accommodate all the
requirements of increased circuit density and interconnect-
ability. Although methods and materials are available which
are satisfactory for these purposes in general, the employ-
ment of multi-level conductor layers and low dielectric
constant dielectric layers is not without problems.

For example, the dielectric material selected for optimum
electrical performance may require a method of formation or
a composition which is incompatible with the physical or
chemical properties of the conductor material with which the
dielectric layer is in intimate contact.

It is thus towards the goal of forming a dielectric layer
with ap adjacent dielectric diffusion barrier material to
protect conductor materials such as copper that the present
invention is generally directed.

Various methods have been disclosed for forming con-
ductor layers such as copper and a diffusion barder layer
upon 2n adjacent dielectric layer to attenuate damage to
conductor material from pearby diffusing deleterions spe-
cies.

For example, Cheung et al., in U.S. Pat. No. 5,785,236,
disclose a method for forming aluminum or gold wire bonds
to copper bonding pads. The method employs copper bond-
ing pads supported withis an interlayer dielectric which may
be composed of silicon nitride, .

Further, Bhattacharya et al,, in U.S. Pat. No. 5,811,870,
disclose a method for forming an anti-fuse structure which
can be transformed from a non-conductive to a conduclive
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state by application of a voltage across a two-layer insulator.
The two-layer structure employs a dielectric layer and an
injector layer. The latter employs a silicon-rich silicon oxide
or silicon nitride layer. :

Yet furtber, Cleeves et al., in U.S. Pat. No. 5,830,804,
disclose a method for forming an encapsulated dielectric
layer. The method employs a disposable post material over
which is formed a dielectric layer which completely sur-
rounds the post material. A second and third dielectric layer
are formed over the encapsulated post and then a portion of
the third layer is selectively removed to reveal the dispos-
able post, which is then removed to form an opening in the
dielectric layers. )

Yet further still, Boeck et al., in U.S. Pat. No. 5,880,018,
disclose a method for forming an inter-level metal dielectric
(IMD) layer with reduced cross-talk. The method employs a
selective placement of a low dielectric constant dielectric
material with a dielectric constant equal or less than 3.5
within the IMD layer, and employs various conductor mate-
rials.

Finally, Wong et al., in U.S. Pat. No. 5,946,601, disclosc
a method for forming a layer which can function as a liner
or barrier layer to separate a low dielectric constant dielec-
tric layer from surrournding metal layers. The method
employs a layer of amorphous hydrogenated carbon nitride
and amorphous carbon nitride 10 separate a low dielectric
constant dielectric material containing fluorine from a metal
layer.

Desirable in the art of microelectronics fabrication are
additional methods for forming an inter-level metal (IMD)
layer within which is formed a diffusion barrer dielectric
layer and employing conductor layers which are sensitive to
corrosion such as copper.

It is towards this goal that the present invention is
gencerally and more specifically directed.

SUMMARY OF THE INVENTION

A first object of the present invention is to provide a
method for forming upop a substrate employed within a
microelectronics fabrication a diffusion barrier dielectric
layer intermediate between a dielectric Jayer and a conductor
layer 1o attenuate inter-diffusion between the dielectric layer
and the conductor layer

A second object of the present invention is to provide a
method in accord with the first object of the present
invention, where the diffusion barrier dielectric layer is
formed employing silicon-rich silicon oxide dielectric mate-
rial deposited employing plasma enhanced chemical vapor
deposition (PECVD) upon fluorine-doped low dielectric
constant dielectric material.

A third object of the present invention is to provide a
method in accord with the first object of the present inven-
tion and the second object of the present invention, where |
there is formed an inter-level metal dielectric (IMD) layer
comprising a layer of fluorine-doped low diclectric constant
dielectric material, an intermediate silicon rich silicon oxide
dielectric diffusion barrier layer and a copper conductor
layer.

A fourth object of the present invention is to provide a
method io accord with the first object of 1he present
invention, the second object of the present invention and the
third object of the present invention, where the method is
readily commercially implemented.

In accord with the objects of the present invention, there
is provided 2 method for forming upon a substrate employed
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within a microelectronics fabrication a dielectric layer, an

intermediate diffusion barrier dielectric layer and a conduc-.

lor layer which constitute an inter-level metal dielectric
(IMD) layer with attenuated inter-diffusion. To practice the
invention, there is provided a substrate employed within a
microelectronics fabrication. There is formed upon the sub-
strate a patterned microelectronics layer and a dielectric
layer. There is then formed over the substrate a silicon-rich
silicon oxide dielectric layer employing plasma enhanced
chemical vapor deposition (PECVD) which acts as a diffu-
sion barrier. There is then formed over the diffusion barrier
dielectric layer a copper conductor layer to complete an
inter-level metal dielectric (IMD) layer with attenuated
inter-diffusion between the dielectric layers and the conduc-
tor layer.

The present invention may be applied to substrates
employed within microelectronics fabrications inchiding
integrated circuit microelectronics fabrications, charge
coupled device microelectronics fabrications, solar cell
microelectronics fabrications, radiation emitting microelec-
tronics fabrications, ceramics substrate microelectronics
fabrications and flat panel display microelectronics fabrica-
tions.

The present invention uses metheds and materials which
are known in the art of microelectronics fabrications, but in
a novel order and fashion in order to achieve the results of
the present invention. Therefore the present invention is
readily commercially implemented.

BRIEF DESCRIPTION OF THE DRAWINGS

The objects, features and advaniages of the present inven-
tion are understood within the context of the Description of
the Preferred Embodiments, as set forth below. The Descrip-
tion of the Preferred Embodiment is understood within the
context of the accompanying drawings, which form a mate-
rial part of this disclosure, wherein:

FIG. 1, FIG. 2, FIG. 3 arc a series of schematic cross-
sectional diagrams illustrating the formation npon a sub-
strate employed within a microelectronics fabrication in
accord with a general embodiment of the present invention
of a dielectric layer with an intermediate diffusion barrier
dielectric layer and a conductor layer to form an inter-level
metal dielectric (IMD) layer with attenuated interdiffusion.

FIG. 4, FIG. 5, FIG. 6, FIG. 7, and FIG. 8 are a series of
_ schematic cross-sectional diagrams illustrating the forma-
tion upon a semiconductor subslirate employed within an
integrated circuit microelectronics fabrication, in accord
with a more specific embodiment of the present invention, of
a fluorine containing low dielectric constant dielectric layer,
an intermediate silicon-rich silicon oxide diffusion barrier
dielectric layer and a copper conductor layer, to form an
inter-level metal dielectric (IMD) layer with attenuated
diffusion of fluorine species.

FIG. 9 is a graph showing the diffusion of fluorine species
within various dielectric materials.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The present invention provides 2 method for forming an
inter-level metal dielectric (IMD) layer upon a substrate
employed within a microelectronics fabrication whereip the
dielectric layer bas formed an intermediate diffusion barrder
dielectric layer between it and the conductor layer, with
atlenuated inter-diffusion.

First Preferred Embodiment

FIG. 1 10 FIG. 3 illustrate the formation of an inter-level
melal dielectric (IMD) layer baving an intermediate diffu-
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sion barrier dielectric layer between it and the conductor
layer in accord with a general embodiment of the present
invention which conslitutes 2 first preferred embodiment of
the present invention. FIG. 1 is a schematic cross-sectional
diagram of a substrate at an early stage in its fabrication in
accord with the first preferred embodiment of the present
invention.

Shown in FIG. 1 is a substrate 10 over which is formed
a patterned microclectronics layer 12. Formed over the
substrate is a dielectric layer 14.

With respect to the substrate 10 shown in FIG. 1, the
substrate 10 is formed of material selected from the group
including but not Limited to microelectronics conductor
material, microelectronics semiconductor material and
microelectronics dielectric material. The substrate 10 may
be the substrate itsclf employed within a microelectronics
fabrication, or alternatively the substrate 10 may be any of
several layers of microclectronics material formed over the
subsirate. Preferably the substrate 10 is a semiconductor
substrate employed within a microelectronics fabrication
selected from the group consisting of integrated circuit
microelectronics fabrications, charge coupled device micro-
electronics fabrications, solar cell microelectronics
fabrications, ceramic substrate microelectronics
fabrications, oploelectronics microelectronics fabrications
and flat panel display microelectronics fabrications.

With respect fo the patterned microelectronics layer 12
shown in FIG. 1, the patterned microelectronics layer 12 is
formed employing materials selected from the group con-
sisting of microelectronics conductor materials, microelec-
tropics semiconductor materials and microelectronics
dielectric materials, deposited and patterned employing
methods as are well known in the art of microelectronics
fabrication. Preferably the patterned microelectronics layer
12 is a microelectronics conductor layer.

With respect to the dielectric layer 14 shown in FIG. 1, the
dielectric layer 14 is a layer of dielectric material formed
employing methods including but not limited to chemical
vapor deposition (CVD), plasma assisted chemical vapor
deposition (PECVD) methods, high density plasma chemi-
cal vapor deposition (HDP-CVD) methods, sub-atmospheric
pressure thermal chemical vapor deposition (SACVD)
methods, low pressure chemical vapor deposition (LPCVD)
methods, spin-on-glass (SOG) methods and spin-on-
polymer (SOP) methods. Preferably the dielectric layer 14 is
formed employing a low dielectric constant dielectric mate-
rial such as fluorine-doped silicon containing glass (FSG)
dielectric material or, alternatively, fluorine-doped carbon
containing dielectric material.

Referring now more particularly to FIG. 2, there is shown
a schematic cross-sectional diagram illustrating the results
of further processing of the microelectronics fabrication
whose schematic cross-sectional diagram is shown in FIG.
1 in accord with the first preferred embodiment of the
present invention. Shown in FIG. 2 is a microelectronics
fabrication otherwise equivalent to the microelecironics
fabrication shown in FIG. 1, but where there has been
formed over the subslrate a diffusion barrier dielectric layer
16.

With respect to the diffusion barrier dielectric layer 16
shown in FIG. 2, the diffusion barrier dielectric layer 16 is
formed from a silicon-rich silicon oxide dielectric material
employing plasma enhanced chemical vapor deposition
(PECVD) in accord with the following process: (1) silicon
source gas silane (SiH,); (2) carrier gases nitrogen, argon
and belium; (3) power from about 100 to about 5000 waits;
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(4) temperature from about 200 to about 400 degrees cen-
tigrade; and (5) pressure from about 1 milliTorr to about 100
Torr. Preferably the silicon rich silicon oxide diffusion
barrier dielectric layer is formed to a thickness of from about
50 to about 5000 angstroms. The preferred degree of silicon
enrichment of the silicon rich silicon oxide dielectric layer
is obtained when the refractive index of the material is from
about 1.47 1o about 1.8.

Referring now more particularly to FIG. 3, there is shown
a schematic cross-sectional drawing illustrating the resuls
of further processing of the microelectronics fabrication
whose schematic cross-sectional drawing is shown in FIG.
2 in accord with the first preferred embodiment of the
present invention. Shown in FIG. 3 is a microelectronics
fabrication otherwise equivalent to the microelectronics
fabrication shown in FIG. 2, but where there bas been
formed a patterned microelectronics conductive layer 20 to
complete an inter-level metal (IMD) dielectric layer.

With respect to the patterned microelectronics conductive
layer 20 shown in FIG. 3, the patterned microelectronics
conductive layer 20 is selected from microelectronics con-

ductor materials including but not limited to microelectron-.

ics metals, microelectronics conductive compounnds, micro-
electronics alloys and microelectronics semiconductor
materials, formed employing methods such as vacuum
evaporation, chemical vapor deposition (CVD), physical
vapor deposition (PVD) sputtering and electrodeposition
(ED) methods, and patterned employing photolithographic
methods and materials as are known in the art of microelec-
tronics fabrication.

The present invention provides'a method for forming an
inter-level metal dielectric (IMD) layer comprising a diclec-
tric layer and a conduclive layer with an intermediate
diffusion barrier dielectric layer between them fo attenuate
inter-diffusion.

Second Preferred Embodiment

FIG. 4 10 F1G. 8 is a series of schematic cross-sectional
diagrams illustrating the formation upon a semiconductor
substrate employed within an integrated circuit microelec-
tronics fabricalion an inter-level metal dieleciric (IMD)
Jayer comprising a low dielectric constant dielectric layer
baving 2 diffusion barrier dielectric layer intermediate
between it and a copper conductor layer FIG. 4 is a sche-
matic cross-sectional diagram of an integrated circuit micro-
electronics fabrication at an early. stage in its fabrication in
accord with a more specific embodiment of the present
invention which constitutes a second preferred embodiment
of the present invention.

Shown in FIG. 4 is a semiconductor substrate 30 upon
which is formed a patterned microelectronics layer 32 and a
low diclectric constant dielectric layer 34,

With respect to the semiconductor substrate 30 showing in
FIG. 4, the semiconductor substrate 30 is analogous to the
substrate 10 shown in FIG. 1 of the first preferred embodi-
ment of the present invention. Preferably the semiconductor
substrate 30 is a silicon single crystal substrate of (100)
crystalline orientation

Wilth respect to the patterned microelecironics layer 32
shown in FIG. 4, the patterned microelectronics layer 32 is
apalogous to the patterned microelectronics layer 12 shown
in FIG. 1 of the first preferred embodiment of the present
invention.

With respect to the low dielectric constant dielectric layer
34 sbown in FIG. 2, the low dielectric constant dielectric
layer 34 is analogous to the dielectric layer 14 shown in FIG.
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Preferably the low dielectric constant dielectric layer 34 is a
fuorine-doped silicon oxide diclectric glass (FSG) material
formed employing the following process: (1) silicon source
gases silage (SiF,) and tetrafluoromethane (SiF,); (2) oxi-
dizing gas O,; (3) carrier gases helium and argon; (4) power
from about 100 1o about 5000 watts; (4) temperature form
about 200 to about 400 degrees centigrade; and (5) pressure
from about 1 milliTorr to about 100 Torr. Preferably the FSG
layer is formed to-a thickness of from about 100 16 about
10,000 angstroms.

Referring now more particularly to FIG. 5, there is shown
a schematic cross-sectional diagram illustrating the resulis
of further processing of the integrated circuit microelectron-
ics fabrication whose schematic cross-sectional diagram is
shown in FIG. 4 in accord with the second preferred
cmbodiment of the present invention. Shown in FIG. 5 is an
integrated circuit microelectronics fabrication otherwise
equivalent to the integrated circuit microelectronics fabri-
cation shown in FIG. 4, but where there has been formed
over the semiconductor substrate a silicon rich silicon oxide
diffusion barrier diclectric layer 36.

With respect 1o the silicon rich silicop oxide diffusion
barrier dielectric layer 36, the silicon rich silicon oxide
diffusion barrier layer 36 is equivalent or apalogous to the
diffusion barrier dielectric layer 16 shown in FIG. 2 of the
first preferred embodiment of the present invention.

Referring now more particularly to FIG. 6, there is shown
a schematic cross-sectional diagram illustrating the results
of further processing of the integrated circuit microelectron-
ics fabrication shown in FIG. 5 in accord with the second
preferred embodiment of the present invention. Shown in
FIG. 6 is an integrated circuit microelectronics fabrication
otherwise equivalent to the integrated circuit microelectron-
ics fabrication shown in FIG. 5, but where there has been
formed over the semiconductor subsirate a second dielectric
layer 38. Formed over the substrate is a patterned photoresist
etch mask layer 40. -

With respect to the dielectric layer 38 shown in FIG. 6, the
dielectric layer 38 is a diclectric layer formed employing
methods including bul ot limited to chemical vapor depo-
sition (CVD) methods, plasma enhanced chemical vapor
deposition methods (PECVD) methods, high density plasma
chemical vapor deposition (HDP-CVD) methods, sub-
atmosphberic pressure thermal chemical vapor deposition
(SACVD) methods, spin-on-glass (SOG) methods and spin-
on-polymer (SOP) methods. Preferably the second dielectric
layer is a silicon containing dielectric layer formed employ-
ing plasma eshanced chemical vapor deposition (PECVD)
or, alternatively, formed employing bigh density plasma
chemical vapor deposition (HDP-CVD).

Referring now more particularly to FIG. 7, there is shown
a schematic cross-sectional diagram illustrating the results
of further processing of the integrated circuit microelectron-
ics fabrication whose schematic cross-sectional diagram s
shown in FIG. 6 in accord with the second preferred
embodiment of the present invention. Shown in FIG. 7 is an
integrated circuit  microelectronics fabrication otherwise
equivalent to the integrated circuit microelectronics fabri-
cation shown in FIG. 6, but where there has been etched the
pattern of the photoresist etch mask layer 40 through the
dielectric layer 38' and the diffusion barrier dielectric layer
36' to the conductive layer 32, followed by stripping of the
photoresist etch mask layer 40. The etched pattern 41 has
been filled with a conductor layer 42.

With respect to the eiching of the pattern 41 shown in
FIG. 7, ibe etching of the pattern 41 employs materials and
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methods suitable to the dielectric material of the dielectric
layer 38 and diffusion layer 36, as are known in the art of
microelectronics fabrication. The stripping of the photoresist
etch mask layer 40 after etching of the pattern 41 is
accomplished employing methods and materials as are
known in the art of microelectronics fabricatjon.

With respect to the conductor layer 42 shown in FIG. 7,
the conducior layer 42 is a copper metal or alloy layer
formed employing methods including but not limited to
vacuum evaporation, physical vapor deposition (PVD) sput-
tering and electrodeposition (ED) methods.

Referring now more particularly to FIG. 8, there is shown
a schematic cross-sectional diagram illustrating the results
of further processing of the integrated circuit microelectron-
ics fabrication whose schematic cross-sectional diagram is
shown in FIG. 7. Shown in FIG. 8 is an integrated circuit
microelectronics fabrication otberwise equivalent to the
integrated circuit microelectronics fabrication shown in FIG.,
7, but where there has been planarized 44 the surface of the
dielectric layer 38" and the copper layer 42",

With respect to the planarization 44 shown in FIG. 8, the
planarization 44 employs a chemical mechanical polish
(CMP) planarization process as is known in the art .of
microelectronics fabrication. '

The present invention provides a method for forming an
inter-level metal diclectric (IMD) layer comprising a low
dielectric constant dielectric layer, intermediate diffusion
barrier dielectric layer and a copper conductor layer, with
attenuated inter-diffusion of species between the dielectric
layers and the copper layer.

Experimental

20

25

The benefits and advantages of the preferred embodi- #

ments of the present invention are exemplified by the results
of experimental measurements performed upon samples
fabricated in accord with the present invention. Dielectric
layers were formed employing fluorine-doped, silicon con-
taining glass (FSG) dielectric material deposited by HDP-
CVD mcthed on silicon semiconductor snbstrates of (100)
orientation to a thickness of 1000 angstroms. Various dielec-
tric materials were formed over the silicon semiconductor
subsirates and characterized by their composition and/or
refractive indices as determined employing ellipsometric
and reflectometric measurement methods. The silicon semi-
conductor substrate samples were treated to an alloying step
for two hours at 400 degrees centigrade. The samples were
~ then analysed by secondary ion mass spectrometry (SIMS)
and by reflectance back scattering (RBS) methods. The
results are shown in FIG. 9, which illustraies the concen-
tration of Auorine species as a function of depth of thickness
of the FSG layer adjacent 1o the various diclectric Jayers, It
can be seen that the diffusion of fluorine species into the
silicon-rich silicon oxide dielectric layer is much less than
into the other silicon oxide layers formed by PECVD, which
are closer to stoichiometric silicon oxide based on the
process conditions employed as determined by refractive
index measurements. For comparison, the diffusion of fluo-
rine species into silicon nitride and silicon oxynitride dielec-
tric layers included in the sample group are also shown in
FIG. 9. These materials are known to be superior diffusion
barrier materials, and it may be seen that the silicon rich
silicon oxide dielectric layer is nearly as good a diffusion
barrier as the layers formed from silicon nitride and silicon
oxynitride dielectric materials.

As will be evident to a person skilled in the art, the
preferred embodiments of the present invention are illustra-
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tive of the present invention rather than limiting of the
present invention. Revisions and modifications may be made
to the materials, structures and dimensions through which is
provided the preferred embodiments of the present invention
while still providing embodiments which are within the
spirit and scope of the present invention, as defined by the
appended claims.

What is claimed is:

1. A method for forming upon a substrate employed
within 2 microelectronics fabrication an inter-level metal
dielectric (IMD) layer comprising:

providing a substrate;

forming upon the substrate a patterned microelectronics

layer;

forming over the substrate a dielectric layer;

forming over the diclectric layer a silicon rich silicon

oxide diffusion barrier dielectric layer; and

forming over the substrate a patterned conductor layer.

2. The method of claim 1 wherein there is attenuated
inter-diffusion between the dielectric layer and the conduc-
tor layer.

3. The method of claim 1 wherein the substirate is
employed within a microelectronics fabrication selected
from the group consisting of: .

integraled circuit microelectronics fabrications;

charge coupled device microelectronics fabrications;

solar cell microelectronics fabrications;

oploelectronics microelectronics fabrications;

ceramic snbstrate microelectronics fabrications; and

flat panel display microelectronics fabrications.

4. The method of claim 1 wherein the patterned micro-
electronics layer is selected from the group consisting of:

microelectronics conductor layers;

microelectronics semiconductor layers; and

microelectronics dielectric layers.

5. The method of claim 1 wherein the dielectric layer is
formed employing a fluorine-doped silicon containing and/
or carbon-containing dielectric material.

6. The method of claim 1 whierein the diffusion barrier
dielectric layer is formed employing plasma enhanced
chemical vapor deposition (PECVD) of a silicon-rich silicon
oxide dielectric material.

7. The method of claim 6 wherein the silicon rich silicon
oxide dielectric diffusion barrier layer material has a refrac-
tive index of from about 1.47 to about 1.8.

8. The method of claim 1 wherein the patterned conductor
layer is formed from copper or copper alloy conductor
material.

9. A method for forming upon a semiconductor substrate
employed within an integrated circuit microelectronics fab-
rication an inler-level metal dielectric (IMD) layer compris-
ing:

providing a semiconductor substrate having formed

therein a patterned microelecironics layer apd a first
dielectric layer employing fluorine-doped low dielec-
tric constant dielectric material;

forming over the semiconductor substrate a silicon rich

silicon oxide dielectric diffusion barrier layer;
forming over the substrate a second dielectric layer;
forming over the subslirate a patterned photoresist etch
mask layer and etching the patiern thereof into the
second dielectric layer and diffusion barrier dielectric
layer followed by siripping the photoresist etch mask
layer;
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filling the etched pattern with a copper conductor mate- 14. The method of claim 9 wherein the silicon-rich silicon
rial; and - oxide dielectric layer is formed employing plasma enhanced
planarizing the surface of the second dielectric layer and chemical vapor deposition (PECVD). -
copper layer. 15. The method of claim 14 wherein the silicon rich

10. The method of claim 9 wherein there is attenuated
diffusion of fluorine species from the first low diclectric
constapt FSG layer into the silicon rich silicon oxide diffe-
sion barrier dielectric layer.

H. The method of claim 9 wherein the semiconductor
substrate is a silicon semiconductor substrate.

12, The method of claim 9 wherein the patterned micro-
electronics layer is formed from materials selected from the

5 silicon oxide dielectric material has a refractive index of
from about 1.47 to about 1.8.
16. The method of claim 9 wherein the second dielectric
layer is formed employing dicleciric material selected from
10 the group consisting of:
silicon containing dielectric material;
fluorine-containing silicon containing glass dielectric

group consisting of: material; .
microelectronics conductor materials; 15  fluorinc—containing carbon containing dielectric material;
microelectronics semiconductor materials; and and
microelectronics dielectric materials. fluorine-containing carbon and silicon containing dielec-
13. The method of claim ? wherein the first fluorine- tric material.

containing low diclectric constant dielectric layer is formed
from material selected from the group comsisting of:

fluorine-doped silicon containing glass (FSG) dielectric

17. The method of claim 9 wherein the copper containing
20 conductor material is formed employing elecirodeposition

(ED) method.

material; 18. The method of claim -9 wherein the planarization
fluorine-containing carbon containing dielectric material; process is a chemical mechanical polish (CMP) planariza-
and

fluorine-containing carbon and/or silicon containing
dielectric material.

tion process.
25
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METHOD FOR ETCHING SHALLOW - trench wall can be controlled when the trenches are very
TRENCHES IN A SEMICONDUCTOR BODY narrow ‘and/or the clear ratio is low.

: The present invention is 2 method for etching closely

BACKGROUND OF THE INVENTION spaced trenches in a silicon body, which trenches have

The invention relates to fabrication of semiconductor > Sloping side walls. In the method, a silicon body, with a

devices, more particularly to the etching of shallow isolation
trenches in monocrystalline silicon substsates,

The fabrication of trenches in semiconductor substrates of
integrated circuit devices that have an aspect ratio (depth to
width ratio) greater than 1 to 1 is useful in several areas of
ULSI (ultra Jarge scale integration) processing. Trench etch
processing has become critical 10 the fabrication of state-
of-art electronic devices exploiting three dimensional struc-
tural concepts such as trench capacitors, trench isolation,
- and trench transistors.

Currently, shallow trench isolation (STI) uses Cl/HBr
reactive ion etching 1o form trenches in masked monocrys-
talline silicon subsirates. The trenches most desirably have
smooth planar trench walls that slope inwardly in order to
avoid void formations in the materials used to fill the
trenches. The trenches are normally filled using chemical
vapor deposition refill operations. Desirably, the slope of the
trench walls will be less than approximately 85 degrees to
avoid void formations, and greater than 75 degrees to
conscrve arca on the device. The trench wall slope is defined
as the complementary angle of the angle between the trench
wall and the horizontal fiat trench fioor.

As the semiconductor devices become more
microminiturized, the isolation trenches have become
smaller and more parrow. This microminiturization resulted
in serious problems in controlling the trench wall slope and
the planarity of the walls.

Various methods and etching apparatus are known for
controlling the profile and shape of etched trenches in
semiconductor bodies. U.S. Pat. No. 5,298,790 discloses an
etching process wherein and etching mask, which inchides
a layer of polysilicon that will absorb non-vertically travel-
ing ioms, is provided to influence the resultant trench profile.
US. Pat. No. 4,690,729 discloses a method for etching
trenches in a silicon body wherein an enchant mask is
provided that includes silicon oxides. During etching, the
silicon oxides of the mask are deposited on the resultant
trench side walls and influence the etching action. U.S. Pat.
No. 4,855,017 discloses 2 method for etching trenches in 2
silicon body. In the method, material is selectively deposited
on the trench side walls during etching by including various
agents in the plasma that will react with the silicon and form
etch products that deposit on the trench walls. These depos-
its influences the eiching action of the plasma 1o form the
desired trench profile. U.S. Pat. No. 5,707,486 discloses a
plasma reactor for etching various materials. The reactor has
an electrode structure that defines the plasma generating
field.

SUMMARY OF THE INVENTION

An object of the invention is to decrease the etching
profile angle for small trench etching.

Another object of the invention is to provide 2 method to
decrease the eiching profile angle for low clear ratio [(1-
Mask cover area)/(total wafer area)] shallow trench etching.

Yet another object of the invention is to provide an eiching
method for forming shallow isolation trenches wherein the
eiching profile angle can be controlled.

Still another object of the jnvention is to provide a
reactive ion etching method wherein the profile angle of the
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surface masking layer with openings that define closely
spaced isolation trenches, is introduced into a plasma etch-
ing apparatus. A silicon object having an exposed silicon
surface that is consumable in a plasma environment is
provided within the apparatus. A reactive plasma environ-
ment is established within the apparatus that removes silicon
from the silicon body through the mask openings, and
silicon from the silicon object. The silicon from the object
influences the silicon removed from the body thereby resnlt-
ing in tapered side walls on the resultant trenches.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will be described with reference to
the accompanying drawings, wherein:

FIG. 1 is a profile view of a typical trench, in greatly
enlarged scale, used in the fabrication of trench isolation
structures for semiconduclor devices.

FIG. 2 shows a substrate support 30 that supports a wafer
32 oa its top surface.

FIGS. 3a, 3b, and 3¢ are profile views of trenches that are
associated with examples in the specification. -

FIGS. 4a, and 4b are profile views of trenches that are
associated with examples in the specification.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The present invention is a method for controlling the
slope of a trench wall during 2 reactive jon etching process
in the fabrication of very small semiconductor devices
utilizing filled trench isolation. Referring to FIG. 1, there is
illustrated a trench 10 that has been etched into a monoc-
Tystalline silicon substrate 12 through an opening 14 in mask
16. As indicated, the side walls slope inwardly forming a
tapered trench. In semiconductor processing, a trench with
sloping side walls can be filled with an insulating material,
usually using CVD processes, with less probability of form-
ing voids in the insulating material. Also, the trench walls
should be flat, without an undercut beneath the edges of the
mask. However, if the slope of the trench side walls is too
preat, the isolation trenches will take up too much area on
the device surface. The slope of the side walls is indicated
by angle 20 in FIG. 1, as the complimentary angle of the
angle formed by the side wall 18, and trench bottom surface
22. A trench with vertical side walls will have a slope of 90
degrees. A trench with tapered side walls will have a slope
less than 90 degrees. A trench for a trench isolation structure
will preferably have a slope in the range of 70 to 85 degrecs.

It has been discovered that as the size of the device
geometry gets increasingly smaller, the slope of the trench
walls, produced by reactive ion elching gets greater,
approaching the vertical. The factors that affect the trench
wall slope have been discovered to be (1) the width of the
trenches, and (2) the pattern density of the mask used to form
the trenches. The trench width is indicated in FIG. 1 as the
dimension 24, The pattern density D is given by the formula
D=(photoresist mask cover area)/(total wafer area). It has
been discovered that in order to produce microminiturized
trenches with walls having a slope in the range of 70° to 85°
the trench width must be in the range of 0.3 um and below,
when the clear ratio (% of surface not covered by
photoresist) is less than 60%.
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As is illustrated by the Examples 1 and 2 that follow, the
elching profile angle of the trench walls depends on the
trench width and the clear ratio. Since silicon is believed to
be the source of passivation that generates the taper etching
profile, we propose to add consumabie silicon in the etching
chamber to increase the passivation source for trench etch-
- ing for small trench widths and spacing, and low clear ratio
applications.

Referring now to FIG. 2, there is illustrated a method and
structure for increasing the silicon during etching. FIG. 2
shows a substrate support 30 that supports a wafer 32 on its
top surface. Support 30 can be formed of silicon, or more
conveniently be formed of glass with a surface layer of
polysilicon. The wafer 32 can be secured to the support 30
if desired, possibly with electrostatic techniques.

EXAMPLE 1

Three monocrystalline silicon substrates were each
masked with a photoresist layer. The layers were all exposed
and cured to form trench openings of various widths. The
first mask layer openings were 030 um in width. The second
mask layer openings were 0.35 um in width. The third mask
Jayer openings 0.40 um in width. All of the substrates were
reactive jon etched in a reactive plasma environment defined
as follows:
50 mT/900 w 30 G/100 HBr 10 Cl, 40 HeO, 15 CF,/10
s

80 mT/900 w 30 G/100 HBr 10 C), 40 HeO, 15 CF,/10
s

100 mT/900 w 30 G/100 HBr 10 CL, 40 HeO, 15 CF,/10
s

(uote: HeO, is O, diluted in He—to enable good control

of low O, flow rate)

The substrates were removed from the apparatus, and
sectioned to reveal the trench profiles. The first substrate
trenches, with a width of 0.30 um, had walls with a slope of
81 degrees. The second substrate trenches, with a width of
0.35 um, had walls with a slope of 78 degrees. The third
substrate trenches, with a width of 0.40 um had a slope of 75
degrees. The depth of the trenches was 3.5 K A. The pattern
density of the masks were approximately the same, on the
order of 70%. These results indicate that as the trench widths
increase, the slope of trench wall increases. This example
Hllustrates the problem facing the semiconductor industry,
Le. the increasing of trench wall slope as the geometry
becomes smaller.

EXAMPLE 2

Two monocrystalline silicon substrates were masked with
a masking layer that defined trenches of approximately equal
width. The paitern of the openings on the first substrate had
a clear ratio of 65%. The clear ratio on the second wafer was
50%. The trench width on both wafers was 0.40 um. The
substrates were placed in a reactive ion etch apparatus and
exposed 10 a reactive plasma environment defined as fol-
lows:
50 mT/800 w 30 g/100 HBr 20 Cl, 30 HeO, 20 CF,/8 s
80 mT/750 w 30 g/100 Br 20 Cl, 30 HeQ, 20 CF,/8 s
100 mT/750 w 30 g/100 HBr 20 Cl, 30 HeO, 20 CF,/44
s

The substrates were removed and sectioned, as in
Example 1. The first substrate trenches, with a clear ratio of
65%, had a slope of 78 degrees. The second substrate
trenches, with a clear ratio (% of surface covered by
photoresist or [(1-mask cover area)/lotal wafer area]) of
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50%, had a slope of 82 degrees. This Example illustrates that
as the clear ratio is decreased, the slope of the trench walls
increase.

EXAMPLE 3

Three substrates are masked as in Example 1, using the
same mask with similar sized opemings. The substrates are
placed in a reactive etching apparatus, as in Example 1 but
with the substrates placed on a substrate holder, made of
glass, with a coating layer of polycrystalline silicon. The
substrate holder is indicated in FIG. 2, and bas an exposed
silicon surface area on approximately 140 cm?. The reactive
plasma is similar to the one described in Example 1. After
the etching was complete and the substrates sectioned, the
following results is obtained.

Trench Width Slope  Slope as in Ex. 1
#1 Substrate  0.30 pm 78° 81 degree
#2 Substrate  0.35 ym 75° 78 degree
#3 Substrate  0.40 um n° 75 degree -

The above comparison illustrates the advantages of the
invention.

While preferred embodiments of the present invention
and their advantages have becen sct out in the above
description, he invention is no limited thereto, but only by
the spirit and scope of the appended claims.

We claim:

1. Amethod of etching closely spaced Irenches in a silicon
body, said trenches having sloping side walls, the method
comprising,

introducing a monocrystalline silicon semiconductor

body, with a surface masking layer with openings that
define closely spaced shallow isolation trenches, nto a
plasma etching apparatus,

providing a silicon object having an exposed silicon

surface that is consumable by a plasma environment
within the apparatus,

establishing a reactive plasma environment within the

apparatus that removes silicon from the semiconductor
body through said openings in said masking layer and
also silicon from said silicon object, said plasma influ-
enced by the silicon removed from said object to
thereby provide tapered side walls in the resultant
trenches.

2. The method of claim 1 wherein said openings have a
width less than 0.30 2.

3. The method of claim 2 wherein said openings have a
width in the range of 0.2 to 0.3 um.

4. The method of claim 1 wherein said maskiag layer has
a clear ralio, defined by [1-(photo resist cover area)/(total
wafer area)] that is less than 60%.

5. The method of claim 4 wherein said clear ratio is in the
range of 10% 1o 60%.

6. The method of claim 1 wherein said silicon object is a
wafer support holder having a peripheral area surrounding
said semiconductor body that has at least a surface layer of
silicon.

7. The method of claim 6 wherein said silicon object is
formed of glass with a layer of polycrystalline silicon on the
surface.

8. The method of claim 6 wherein the ratio of the surface
area of the wafer to the peripheral surface area of the silicon
object 1s in the range of 0.5 to 1.0.
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9. The method of claim 2 wherein the slope of the
resultant side walls of the trenches is less than 85 degrees.

10. The method of claim 9 wherein the slope range of the
resultant side walls of the trenches is in the range of 70 to
85 degrees.

11. The method of claim 1 wherein said etching is
achieved with a plasma environment which includes HBr,
ClL,, He, O,, and CF,.

12. The method of claim 11 wherein an electric field is
established within the ciching apparatus that has its axis
perpendicular to the surface plane of the semiconductor
body.

13. The method of claim 2 wherein the masking layer has
a clear ratio that is Jess than 60% resuiting in a trench wall
slope that is less than 85 degrees.

14. A method of eiching closcly spaced trenches in a
silicon body, said trenches having sloping side walls, the
method comprising,

introducing .a monocrystalline silicon semiconductor

body, with a surface masking layer with openings that
define closely spaced shallow isolation trenches, into a
plasma etching apparatus,

providing a silicon object having an exposed silicon

surface that is consumable by a plasma environment
within the apparatus, :
establishing a reactive plasma environment within the
apparatus thal removes silicon from the semiconductor
body through said openings in said masking layer and
also silicon from said silicon object, said plasma influ-
- enced by the silicon removed from said object to
thereby provide tapered side walls in the resultant
irenches; and
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said surface masking layer has a clear ratio that is less
than 60% resulting in a trench wall slope that is less
than 85 degrees.

15. The method of claim 14 wherein said openings have
a width less than 0.30 um; and the slope of the resultant side
walls of the trenches is less than 85 degrees.

16. The method of claim 14 wherein said openings have
a width in the range of 0.2 o 0.3 ym.

17. The method of claim 14 wherein said masking layer
has a clear ratio, defined by [1-(photo resist cover area)/
(total wafer area)] that is in the range of 10% to 60%.

18. The method of claim 14 wherein said silicon object is
a wafer support holder having a peripheral area surrounding
said semiconductor body that has at least a surface layer of
silicon; the ratio of the surface area of the wafer to the
peripberal surface area of the silicon object is in the range of
0.5 t0 1.0.

19. The method of claim 18 whercin said silicon object is
formed of glass with a Iayer of polycrystalline silicon on the
surface.

20. The method of claim 14 wherein said etching is
achieved with a plasma environment which includes HBr,
Cl,, He, O,, and CF; and an electric field is established
within the etching apparatus that has its axis perpendicular
to the surface plane of the semiconductor body.
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